Abstract Wood artefacts undergo complex alteration and degradation during ageing, and gaining information on the chemical composition of wood in archaeological artefacts is fundamental to plan conservation strategies. In this work, an integrated analytical approach based on innovative NMR spectroscopy procedures, gel permeation chromatograp h y a n d a n al y t i ca l p y r ol y s i s c o up l ed w i t h g a s chromatography/mass spectrometry (Py-GC-MS) was applied for the first time on archaeological wood from the Oseberg collection (Norway), in order to evaluate the chemical state of preservation of the wood components, without separating them. We adopted ionic liquids (ILs) as non-derivatising solvents, thus obtaining an efficient dissolution of the wood, allowing us to overcome the difficulty of dissolving wood in its native form in conventional molecular solvents. Highly substituted lignocellulosic esters were therefore obtained under mild conditions by reacting the solubilised wood with either acetyl chloride or benzoyl chloride. A phosphytilation reaction was also performed using 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholan. As a result, the functionalised wood developed an enhanced solubility in molecular solvents, thus enabling information about modifications of lignin, depolymerisation of cellulose and structure of lignin-carbohydrate complexes to be obtained by means of spectroscopic (2D-HSQC-NMR and 31 P-NMR) and chromatographic (gel permeation chromatography) techniques. Py-GC-MS was used to investigate the degradation undergone by the lignocellulosic components on the basis of their pyrolysis products, without any pre-treatment of the samples. The application of all these combined techniques enabled a comprehensive characterisation of the whole cell wall of archaeological wood and the evaluation of its state of preservation. High depletion of carbohydrates and high extent of lignin oxidation were highlighted in the alum-treated objects, whereas a good preservation state was found for the untreated wood of the Oseberg ship.
Introduction
Wet archaeological wooden artefacts represent a conservation challenge still far from being solved, especially when wood has been previously treated with unstable materials and/or contains unstable inorganic salts, which influence the degradation pathways [1, 2] . At present, conservation scientists and curators of collections containing shipwrecks or archaeological wet wooden materials are struggling to tackle satisfying conservative solutions for the preservation or re-treatment of such objects, as demonstrated by the growing number of publications and research projects in the field [3] [4] [5] [6] . A picture as complete as possible of the chemical composition and degradation of the lignocellulosic materials to be conserved is the first step in the process of finding innovative and efficient conservation strategies. Wood is a complex, tridimensional reticulated polymer, heterogeneous at a macro and microscale, and particularly recalcitrant to chemical analysis. For these reasons, the development of analytical approaches suitable to collect reliable information on the chemical composition of archaeological wood objects is a challenging and active research field.
The evaluation of the degradation state of archaeological wood can be carried out using various approaches and analytical instrumental techniques, such as FTIR, NMR, and Py-GC-MS, which have proven to provide detailed molecular information on the organic components of archaeological wood [7] [8] [9] . Nevertheless, the information obtained when these methods are singularly applied is usually partial and focuses on specific aspects. Therefore, we propose here an innovative multi-analytical approach for the characterisation of archaeological wood based on the combination of information obtained by spectroscopic NMR techniques, gel permeation chromatography (GPC) and Py-GC-MS, with the aim to provide a holistic characterisation of the whole wood cell wall components.
The potential of NMR spectroscopy in elucidating the molecular structure of lignin and cellulose has not been completely exploited yet, especially with application to the whole plant cell wall, without separating wood components. The best results to elucidate the structure of archaeological woods were summarised in an exhaustive overview regarding the most promising 13 C high-resolution solid-state NMR techniques published by Bardet [10] . Unfortunately, solid-state 13 C-NMR is not sensitive enough to detect some important intermonomeric bonds present in the lignin structure together with important functional groups, i.e. carboxylic and alcoholic moieties.
A complete picture of the chemical features of lignin was achieved after the development of liquid NMR analytical tools, such as qualitative and quantitative heteronuclear single quantum coherence (2D-HSQC), quantitative 13 C-NMR and 31 P-NMR experiments [8, 9, 11, 12] . However, this approach is based on the isolation of lignin from the wood matrix, which may result in some chemical and structural modifications, even when mild conditions are applied during the extraction procedure. Another significant limitation is that, as a consequence of the extraction process, this approach does not evaluate the presence of the remaining lignin-carbohydrate complexes (LCCs) [13, 14] , which is an important feature to assess wood degradation [15] .
Ionic liquids (ILs) have been used as solvents to produce a homogeneous reaction environment suitable to preserve the native structure of the wood for sensitive analyses [16, 17] , thus overcoming the problem of dissolving wood in its native form. The wood in a homogeneous solution can be easily derivatised without introducing any artefact. Highly substituted lignocellulosic esters are obtained under mild conditions by reacting wood dissolved in ionic liquid with either acetyl chloride or benzoyl chloride in the presence of pyridine. Alternatively, the lignocellulosic material can be phosphitylated by reaction with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane in the presence of pyridine. As a result, the functionalised wood develops an enhanced solubility in molecular solvents, thus enabling a comprehensive characterisation by means of spectroscopic (2D-HSQC-NMR, 31 P NMR) [18] and chromatographic techniques (GPC) [19] .
2D-HSQC-NMR facilitates a detailed investigation of the chemical structure of archaeological wood samples, by identifying the cross-peak related to polysaccharides (cellulose and hemicelluloses) and to the aliphatic and aromatic domains of lignin. 31 P-NMR analyses enable an absolute quantification of several chemical groups, namely aliphatic alcohols, syringyl and condensed phenols (S-OH + cond.), guaiacyl phenols (G-OH), p-hydroxycoumaryl units (H-OH) and carboxylic acids (COOH).
In addition, highly substituted lignocellulosic esters have been found to exhibit an enhanced solubility in tetrahydrofuran (THF) and a different instrumental response when submitted to GPC-UV analysis. Specifically, benzoylated specimens led to the UV detection of the whole substrate components, which are cellulose, hemicelluloses and lignin, regardless of their possible chemical connections. On the other hand, acetylated specimens have been found to account for the sole contribution of LLCs (and possibly free lignin), due to the lack of chromophores in the unbound polysaccharide portion [19, 20] . The GPC-UV analyses of each cellulosic and hemicellulosic fraction have also provided a valuable method for the assessment of LCCs.
On the other hand, analytical pyrolysis and, in particular, Py-GC-MS provides detailed molecular information on archaeological wood degradation [21, 22] . This technique does not require any sample pre-treatment, thereby providing results without altering the sample during preparation. In addition, it requires a very limited amount of sample (50-100 μg), which is always important when sampling precious archaeological artefacts. The in situ derivatisation of pyrolysis products using HMDS as a silylating agent is crucial in order to obtain pyrograms with a high resolution and to avoid retention of polar compounds at the Py-GC interface [23, 24] .
All these analytical techniques were applied here in an integrated way for the first time on Viking archaeological objects of the Oseberg collection (Norway) [25] , in order to obtain information on the state of preservation of the wood components, in particular modifications of lignin, depolymerisation of cellulose and the structure of lignin-carbohydrate complexes.
Materials and methods

Reagents
All reagents were purchased from Sigma-Aldrich and used as received. Xylan from birchwood was purchased from SigmaAldrich. [25] . The collection of wooden objects found in the burial represents one of the richest, most complete, examples of Viking objects in the world, most of which is exhibited at the Viking Ship Museum in Oslo. The samples named Frag5 and Frag9 were alum-treated in 1904 and were taken from two fragments of the collection with a very poor structural integrity. In fact, at the beginning of the twentieth century, most of these wooden objects were treated with alum (KAl(SO 4 ) 2 ·12H 2 O), aimed at strengthening the wooden structure [26] . After a hundred years, most of the treated objects have undergone dramatic conservation problems. The wood is now highly acidic (pH ≤ 2), and the structural integrity has been seriously compromised, turning the wood into powder in the worst cases [1] . This prevented the wood species of these samples from being certainly identified.
Samples
However, analyses at low magnification revealed that the wood was a diffuse porous hardwood, probably birch (Betula sp.). The sample named Oseberg was not alum-treated and was taken from the Oseberg ship. The wood genus was oak (Quercus sp.). Sound oak wood was used as a reference wood material to compare the results obtained by Py(HMDS)-GC-MS.
For the analyses, all the samples were washed with deionised water until neutrality was reached (in order to remove any alum). For Py(HMDS)-GC-MS analysis, the samples were oven-dried for 24 h at 40-50°C. They were then homogenised and powdered using a ball mill made of zirconium oxide (Pulverisette 23, Fritsch GmbH, Germany) before analysis.
For NMR and GPC analyses, the samples were freezedried and ground in a mortar. The wood powder was Soxhlet extracted with ca. 250 mL of hexane for 48 h. The oak reference wood powder was Soxhlet-extracted with ca. 250 mL of an acetone-water solution (9:1) for 48 h. It was then submitted to an alkaline extraction with NaOH (0.0075 mol L ) for 1 h (liquid-to-wood ratio 50:1) to remove tannins and then dried in an oven at 50°C until a constant weight was reached. The dry extractive-free wood powders were ground in a planetary ball mill for 24 h at 300 rpm, using a 100 mL zirconium grinding bowl (zirconium dioxide 95%) in the presence of eight zirconium balls (10 mm in diameter each).
Methods
The integrated characterisation method is schematised in Fig. 1 .
Lignin isolation
Lignin extraction was performed according to a slight modification of the milled wood method developed by Holmbom and Stenius [27] . Briefly, the extractive-free wood powder of the sound oak (ca. 400 mg) was refluxed under nitrogen for 2 h in a 0.1 M HCl dioxane-water solution (50 mL, 85:15%) and then allowed to cool down to room temperature. The suspension was centrifuged at 3000 rpm for 15 min. The supernatant was added dropwise into a 0.01 M HCl aqueous solution (250 mL), which was then kept at +4°C overnight for complete lignin precipitation. The precipitate was collected by centrifugation (3000 rpm, 15 min), washed twice with acidified distilled water (pH 2) and then freeze-dried.
Lignin acetylation
The extracted lignin (ca. 50 mg) was acetylated following the procedure described by Colombini et al. [8] . The acetylated lignin was solubilised in THF for GPC and in DMSO-d 6 for 2D-HSQC-NMR analyses.
Wood benzoylation in ionic liquid
Benzoylation reaction was performed in 1-allyl-3-methylimidazolium chloride ([amim]Cl, 950 mg), on the extractive-free wood powders (20 mg) with benzoyl chloride, as reported by Salanti et al. [19] . The procedure was slightly modified, and at the end of the reaction, 200 μL of iodomethane was added and left to react for 15 min extra in order to convert the carboxylic acids into methyl esters. The benzoylated wood samples were solubilised in THF (1 mg mL
) for GPC analysis.
Wood acetylation in ionic liquid
Acetylation reaction was performed in 1-allyl-3-methylimidazolium chloride ([amim]Cl, 950 mg) on the extractive-free wood powders (70 mg) and birch xylans with acetyl chloride, as reported by Salanti et al. [19] . The procedure was slightly modified, and at the end of the reaction, 200 μL of iodomethane was added and left to react for 15 min extra in order to convert the carboxylic acids into methyl esters. The acetylated wood samples were solubilised in THF (1 mg mL
) for GPC analysis and in d 6 -DMSO for NMR analyses (50 mg mL
).
P-NMR analyses
31
P-NMR analyses on wood materials (50 mg) were performed as reported by King et al. [18] . The spectra were recorded on a Bruker Avance 500 MHz instrument. The 31 P-NMR data reported are the average of three experiments. The maximum standard deviation was ±0.02 mmol g −1 (P = 0.05, n = 3).
GPC analyses
Acetylated lignin, acetylated and benzoylated wood samples after dissolution in THF (1 mg mL
) were analysed by GPC at a flow rate of 1 mL min
. The analyses were performed on a Waters 600 E liquid chromatography system connected to an HP1040 ultraviolet UV detector set at 240 or 280 nm for benzoylated and acetylated samples, respectively. The injection port was a Rheodyne® equipped with a 20-μL loop. The column system was composed of a sequence of an Agilent PL gel 5 μm, 500 Ǻ and a PL gel 5 μm, 10 4 Ǻ in series. PL Polymer Standards of Polystyrene from Polymer Laboratories were used for calibration. The peak molecular weight (M p ) values reported are the average of three replicate analyses (M p ±100 g mol −1 , P = 0.05, n = 3).
2D-HSQC-NMR analyses
Two-dimensional Heteronuclear Single Quantum Coherence spectra (2D-HSQC) were run in DMSO-d 6 on IL-acetylated wood samples. The inverse detected 1 H- 13 C correlation spectra were measured on a Bruker Avance 500 MHz spectrometer set at 308 K. The spectral width was set at 5 kHz in F2 and 25 kHz in F1. In total, 128 transients in 256 time increments were collected. The polarisation transfer delay was set at the assumed coupling of 140 Hz, and a relaxation delay of 2 s was used. The spectra were processed using Π/2 shifted squared sinebell functions in both dimensions before FT.
Py(HMDS)-GC-MS
A previously published procedure was used for the Py-GC/ MS analyses of wood samples [4, 21, 22] . A micro-furnace Multi-Shot Pyrolyzer EGA/Py-3030D (Frontier Lab) coupled to a gas chromatograph 6890 (Agilent Technologies, USA) and an Agilent 5973 Mass Selective Detector operating in electron impact mode (EI) at 70 eV was used.
In situ thermally assisted derivatisation of pyrolysis products was achieved with 1,1,1,3,3,3-hexamethyldisilazane (HMDS, chemical purity 99.9%, Sigma-Aldrich Inc., USA). Ca. 100 μg of sample and 5 μL of HMDS were inserted into the platinum cup. The pyrolysis temperature was 550°C, and interface temperature was 250°C. Separation was carried out on a HP-5MS fused silica capillary column (stationary phase 5% diphenyl-95% dimethyl-polysiloxane, 30 m × 0. 25 Identification of the pyrolysis products was performed by comparing their mass spectra with spectra reported in the Wiley and NIST libraries or in the literature [21] . Semiquantitative calculations were performed, normalising peak areas to the sum of all identified pyrolysis products for each sample. The relative abundances of the replicates were averaged and expressed as percentages. To evaluate, the chemical composition of wood H/L ratio (ratio between the sums of holocellulose and lignin pyrolysis products) and S/G ratio (ratio between the sums of syringyl-and guaiacyl-lignin pyrolysis products) were calculated as well as their standard deviations.
Results
P-NMR
The 31 P-NMR spectra of reference oak lignin, Frag5, Frag9 and Oseberg archaeological wood samples are reported in Fig. 2 .
After specific regions of the spectra (corresponding to aliphatic alcohols, syringyl, guaiacyl, p-hydroxycoumaryl phenols and carboxylic acid) had been integrated, the various chemical groups were quantified. The quantitation outputs are reported in Table 1 . These also include the 31 P-NMR data of oak reference wood, as reported in the literature [12] . The 31 P-NMR spectrum of the Oseberg sample (D) was dominated by a broad bimodal peak related to the derivatisation of primary and secondary hydroxyl groups of cellulose and hemicelluloses. Other peaks pertaining to phenols and carboxylic acids were present in low abundance. The 31 P-NMR spectra of alum-treated archaeological wood samples Frag9 (B) and Frag5 (C) were similar to that of the reference lignin (A), with a distribution of hydroxyl moieties (alcohols, phenols and carboxylic acids) indicating a remarkable loss of cellulose and hemicelluloses. This was highlighted by the increase in derivatised phenol signals.
B o t h t h e s p e c t r a o f F r a g 9 a n d F r a g 5 w e r e characterised by sharp peaks related to monomeric sugars overlapping the broad peak of the aliphatic hydroxyl group of lignin. In addition, the shoulder corresponding to secondary alcohols (148.5 ppm) was less intense than the derivatised reference lignin spectrum, indicating a possible oxidation of hydroxyl groups at the α-position of the β-O-4 structure. Furthermore, the peak related to carboxylic acids (136 ppm) was relatively high for the all archaeological samples (especially for Frag5 and Frag9).
The quantitative results (Table 1) highlighted that the amount of detected phenols in Frag5 and Frag9 was comparable to the reference lignin, whereas the amount of phenols in the Oseberg sample was similar to the sample of reference sound wood. Taken together, the analyses indicated that the application of the alum treatment (Frag5 and Frag9) had resulted in a high loss of polysaccharides and in a considerable increase in carboxylic functionalities.
GPC: gel permeation chromatography
Benzoylated and acetylated samples were analysed by GPC at 240 and 280 nm, respectively, in order to maximise their analytical response. The chromatograms obtained are reported in Fig. 3 .
As previously reported by Salanti et al. [19] , after benzoylation reaction in IL, polysaccharides and lignin have a similar UV response (240 nm). Therefore, the chromatograms of benzoylated samples reported the molecular weight distribution of the whole cell wall components (cellulose, hemicelluloses, lignin and LCCs). On the other hand, the chromatograms of acetylated samples account exclusively for the molecular weight distribution of those lignocellulosic fractions that naturally contain aromatic moieties (LCCs and free lignin). This is due to the higher UV response observed for lignin compared to the UV response of free acetylated polysaccharides (280 nm). In this view, concerning Frag5 and Frag9, a comparison between the benzoylated archaeological wood samples and the corresponding benzoylated sound oak reference specimen showed a significant decrease in the molecular weight distribution, above all related to cellulose degradation (i.e. by hydrolysis). Instead, a comparison between the same samples after acetylation suggested the likely degradation of LCCs.
With regard to the Oseberg sample, both the benzoylated (BZ) and the acetylated (AC) samples had a comparable molecular weight distribution, which was similar to the reference oak wood. The numerical outputs (M p of the molecular weight distribution curve for BZ and AC derivatisation) are summarised in Table 2 . It should be underlined that the absolute values of the wood molecular weight could not be precisely estimated as a consequence of the use of polystyrenes as the calibration standard. In any case, our main focus is a comparison between archaeological and reference wood samples, which provides reliable indications despite possible errors in the absolute values. 
2D-NMR-HSQC
The high solubility achieved after wood acetylation enables the analysis of derivatised wood by means of 2D NMR techniques after dissolution in DMSO-d 6 (Fig. 4) . As a reference, the HSQC spectra of acetylated oak lignin and acetylated xylans from birch are reported. The interpretation was accomplished by consulting the literature data [28] [29] [30] [31] [32] . It was observed that the HSQC spectrum acquired for Frag5 almost matched the spectrum of lignin. All the main inter-monomeric bonds were clearly detected: cross-peaks of the β-O-4, β-5 and β-β structure in the aliphatic region (50-90/ 3.0-6.0 ppm) and cross-peaks of S and G units in the aromatic domain (100-130/6.0-8.0 ppm). In addition, a cross-peak related to methyl esters (−COOCH 3 ) was visible at 60-3.5 ppm, indicating a significant amount of acidic functionalities, also according to the results obtained by 31 P-NMR. The relative intensity of the S′ units increased for the archaeological samples. The S′ units are related to the oxidation at the α-position in β-O-4 type structures. The benzylic position is usually prone to oxidation by H abstraction through a radical mechanism, due to the aromatic stabilisation of the ketyl radical formed [33] . The result of this reaction is a ketone. A high level of degradation was thus observed for Frag5, where hydrolysis (both on cellulose and hemicelluloses) and oxidation (lignin) had changed the wood structure extensively. The situation was quite similar for Frag9, although the peaks related to the sugar moiety (coloured grey in Fig. 4 ) were more visible compared to the Frag5 sample. In particular, X2, X3, X4 and X5 cross-peaks were evident, corresponding to the carbon atoms C2, C3, C4 and C5 in the 4-O-methylglucuronoxylan units of hemicelluloses. The X1 crosspeak was not detected. The Oseberg spectrum was dominated by signals arising from cellulose (C1, C2, C3, C4, C5 and C6), but also hemicelluloses (in particular X4 and X5 signals) and lignin (inter-monomeric bonds and aromatic units) were clearly detected, indicating a good state of preservation.
Py(HMDS)-GC-MS
Analytical pyrolysis coupled with GC-MS was applied to the archaeological samples and the oak reference sample without any sample pre-treatment, except for washing, grinding and drying the samples. The pyrograms for the oak reference and the Oseberg sample were similar, showing both holocellulose (cellulose and hemicelluloses) and lignin pyrolysis products with high abundances. The pyrograms for Frag5 and Frag9 samples were dominated by lignin pyrolysis products, especially for Frag5, which showed only a few peaks ascribed to holocellulose pyrolysis products with very low abundances. Figure 5 reports the pyrolytic profiles of the reference oak sample and the Oseberg, Frag9 and Frag5 archaeological samples.
The pyrolytic H/L (holocellulose/lignin) ratio was calculated for the four samples analysed, and the results obtained for the archaeological samples were compared with those obtained for the sound oak reference sample ( Table 3) . The pyrolytic H/L ratio is a commonly used parameter to estimate the preferential loss of polysaccharides or lignin in an archaeological wood sample by comparing the value with that obtained for sound wood [7, 34] . This semi-quantitative calculation highlighted that the Oseberg sample had undergone a loss of holocellulose of around 10% (H/L 2.2 ± 0.2), confirming its very good state of preservation, whereas the loss of holocellulose for Frag9 and Frag5 was much higher, leading to very low H/L ratios (0.4 ± 0.1 and 0.1 ± 0.0, respectively). These results were in agreement with those obtained by other techniques, especially 2D-HSQC, which enabled us to measure a slightly better preservation of carbohydrates in Frag9 than in Frag5.
The pyrolytic S/G (syringyl/guaiacyl lignin) ratio was also calculated. This parameter is known to provide information on the preferential degradation of syringyl or guaiacyl units in the lignin network involving the methoxy groups [22, 35, 36] . The results showed that the Oseberg sample had a lower S/G ratio (1.4 ± 0.1) compared to the reference oak wood sample (1.9 ± 0.1), indicating that, despite the good preservation of carbohydrates, some chemical changes in the lignin had occurred. This is a common situation when wood degradation is at a low/medium extent, since syringyl moieties are less stable than guaiacyl moieties [37] . For Frag5 and Frag9, the S/G ratios (2.3 ± 0.4 and 2.2 ± 0.3, respectively) were comparable to those obtained for the reference wood. This result should be interpreted as the comparable degradation of both guaiacyl and syringyl components of lignin in the alum-treated archaeological samples.
Lignin pyrolysis products were divided into six categories according to their pyrolytic formation and molecular structure: monomers, short-chain, long-chain, carbonyl, carboxyl and demethylated/demethoxylated compounds. The percentage abundance of each category was calculated and referred to the total abundance of lignin pyrolysis products ( Table 3 ). The changes in the percentage distribution of the categories of lignin pyrolysis products were used to highlight lignin degradation pathways. This interpretative approach provides detailed information on the chemical changes undergone by the residual lignin present in the samples [4, 21, 22] . The percentage abundances of lignin pyrolysis products divided into categories are reported in Fig. 6 . The results show a very similar distribution for the oak reference wood and the Oseberg sample. Except for a slight relative increase in demethylated/demethoxylated compounds in the Oseberg sample, the rest of the distribution was almost identical. This indicated that the lignin in this sample had undergone degradation to a very low extent, above all related to the demethylation of methoxy groups, in agreement with the observation regarding the S/G ratio. As regards the Frag5 and Frag9 samples, there was a relative increase in lignin pyrolysis products with carbonyl and carboxyl functionalities, compared to the oak reference wood. This indicates a notable oxidation of lignin, as previously observed in alum-treated samples from the Oseberg collection [4] , and in agreement with the results obtained by NMR techniques. Additionally, the relative abundances of monomers and short-chain pyrolysis products were different in Frag5 and Frag9, compared to the reference sample. A relative decrease in monomers and an increase in short-chain pyrolysis products indicate an alteration in the propanoid side chains originally present in the lignin units, likely due to cleavage of the bonds and oxidation of some positions.
Discussion
The comparative interpretation of the data obtained in this work by GPC, NMR and Py-GC-MS analysis highlighted that all the approaches applied provide reliable and detailed information on the degradation processes occurring in archaeological wood. The information provided by this multi-analytical approach is rather complementary. In addition, there was a very good agreement between the results obtained by the different techniques. It is worth noticing that all the techniques adopted in this paper are destructive, and the amount of archaeological wood sample used for the complete characterisation is nearly 140 mg (20 mg benzoylated for GPC, 70 mg acetylated for HSQC, 50 mg for 31 P-NMR and 0.1 mg for Py(HMDS)-GC-MS). This amount could be reduced at a minimum around 80 mg (5 mg for GPC, 50 mg for HSQC and 25 mg for 31 P-NMR). However, if this amount of sample is available, as is sometimes the case for shipwrecks, NMR analysis is recommended. In fact, HSQC experiments have the peculiar potential to characterise and semi-quantitatively evaluate the different types of inter-monomeric bonds present in lignin, which are subject to selective degradation during ageing and are broken during the pyrolytic process. In addition, hemicelluloses and cellulose are rarely distinguished on the basis of their pyrolysis products, whereas HSQC experiments provide information on the two components separately. It is true that more modern techniques such as hyperpolarised NMR [38] or non-invasive portable NMR [39] could be applied in order to increase the sensitivity or even become nondestructive: Often, the results permit a valuable assessment of P-NMR, it is possible to quantify the amounts of the different types of phenolic, alcoholic and acidic groups in wood samples. On the other hand, GPC provides information on the depolymerisation of the polysaccharide fraction and on the presence of LCCs. Although some information on depolymerisation can be obtained also by pyrolysis, LCC complexes are again broken during the pyrolytic process. Information on the degree of depolymerisation and presence/ absence of LCCs are precious in assessing the type of consolidation treatment needed by degraded archaeological objects. Py-GC-MS analysis has the advantage of requiring a very small amount of sample (<1 mg) and of avoiding sample pre-treatment, but inter-monomeric and inter-component bonds are thermally broken, thus resulting in a lack of information.
However, the investigation of the profiles of pyrolysis products by Py-GC-MS can be exploited to estimate the relative content of holocellulose and lignin in degraded wood. In addition, the categorisation of the lignin pyrolysis products enables between carbonyl and carboxyl groups to be distinguished, thus enhancing the information about oxidation. Depolymerisation and demethylation phenomena are also highlighted by studying relative differences between the abundances of specific categories of pyrolysis products.
By combining all this information, we were able to assess that the wood constituting the sample named Oseberg (not alum-treated) underwent slight degradation, resulting in a limited loss of polysaccharides. The 31 P-NMR analysis evidenced a slight increase in the relative amount of phenols, the GPC profile indicated a slight decrease in the molecular weight (M p ) of the benzoylated sample and the H/L ratio measured by Py-GC-MS was lower compared to the sound reference wood (2.2 vs 3.7). A slight increase in demethylated lignin units was also detected. On the other hand, the archaeological samples Frag5 and Frag9 (alum treated) were severely altered and were more similar to lignin in terms of chemical parameters. 31 P-NMR analyses revealed a higher phenol concentration, while GPC outputs indicated a strong decrease in the molecular weight (in order of depolymerisation: Frag5 > Frag9 > > Oseberg > reference). Also, the H/L ratios calculated from Py-GC-MS analyses were extremely low, approaching almost zero for Frag5. 2D-HSQC spectra resembled the reference lignin spectra, and the signals related to cellulose were completely lost. Residual xylans were detected in Frag9 (H/L ratio 0.4), while Frag5 showed the presence of monomeric sugars, as also highlighted by the sharp peaks in the 31 P-NMR spectrum. This could be indicative of the presence of monomeric sugars chemically bonded to lignin as residue of the degraded cellulose and LCCs.
The results highlighted the influence of the inorganic substances added as consolidating agents on the degradation processes of archaeological wood. In fact, the alum treatment led to a strong depolymerisation of the polysaccharide fraction (involving both cellulose and hemicelluloses), leaving a lignin-rich material. This chemical modification had a huge impact on the mechanical properties of the artefacts. The alum treatment also had an important impact on the lignin structure.
Py-GC-MS analyses provided evidence of side chain shortening and oxidation in both Frag5 and Frag9. 31 P-NMR highlighted a decrease in the amount of secondary alcohols connected to the increase in oxidised S′ unit in the HSQC spectra resulting from the oxidation of a certain amount of β-O-4 structures. These observations suggest a relationship between the lignin oxidation and the chain shortening. The benzylic position of lignin moieties is the most sensitive to radical oxidation by H abstraction. In the oxidative environment created by the alum treatment, this results in the formation of ketones at the α-position of β-O-4 structures, as clearly shown by 2D-HSQC-NMR. Such structures can easily evolve in further oxidation and undergo β-scission reactions, thus justifying the increase in carboxylic functionalities (observed by both NMR and Py-GC-MS) and the shortening of lignin side chains, as observed by Py-GC-MS. A scheme of the reaction is shown in Fig. 7 .
The results were also compared with the Py-GC-MS results obtained for other samples from the Oseberg collection (named B185 series^) and presented in a previous publication [4] . In the work presented here, the samples were washed before analysis and most of the alum was removed, whereas in the other work the samples were analysed without washing. The relative amount of acid lignin pyrolysis products in the 185 series was found to be higher than in the samples presented here, and the shortening of the side chain occurred to such an extent that the monomers were almost undetected in the pyrolysis profiles. There are several possible reasons for this: (i) the high inorganic content in the non-washed samples may lead to some Bpyrolytic artefacts^by catalysing radical oxidation reactions [40, 41] , (ii) the washing process may remove wood degradation products such as vanillic and syringic acids weakly bound to the lignin network and (iii) there is an intrinsic variability in the degradation state of the Oseberg samples. Finding the exact reason is difficult, as is recommending whether or not samples should be washed, which is beyond the scope of this work. However, more systematic investigations regarding the advantages and drawbacks of pre-washing archaeological wood samples that have been highly contaminated by inorganic salts before performing Py(HMDS)-GC-MS might help in better understanding the problem.
Conclusions
The use of ILs and the combined techniques (NMR, GPC and Py-GC-MS) applied in this work to archaeological wood facilitated an extensive chemical characterisation, without the fractionation of the whole cell wall components, thus providing a good picture of the state of preservation of archaeological wood samples from the Oseberg collection. The approach has several advantages: (i) time-and material-consuming steps for fraction isolation were avoided, (ii) the amount of material needed for NMR analyses was reduced to a minimum (150 mg) and (iii) the possible generation of analytical artefacts was minimised.
The combined interpretation of NMR, GPC and Py-GC-MS results also enabled some mechanism of lignin oxidation to be hypothesised, which would not have been possible by looking at the results separately. In fact, although the amount of sample required by NMR and GPC analyses is much higher than Py-GC-MS, valuable complementary information on inter-monomeric bonds and lignin-carbohydrate complexes cannot be obtained by analytical pyrolysis.
We believe that these results will help conservators in making decisions regarding how to re-treat some of the objects from the Oseberg collection, as the characterisation of the residual wooden material is the first step in the evaluation of innovative conservation methods and consolidation treatments. Recent results of the research into efficient consolidation strategies have identified those materials that have the potential to chemically interact with the residual wood structure as the most promising ones. Our quantitative and semiquantitative results obtained for the most degraded archaeological samples-increase in carboxylic groups in lignin, almost total depletion of hemicelluloses, high degree of cellulose depolymerisation, presence of monomeric sugars and degradation of LCCs-provided a comprehensive picture of the functional groups present in the degraded wood polymeric network. This will be used in order to foresee and model interactions between the residual material and possible consolidating agents.
